e mechanism of the formation of the hydrophobic agglomerate in fine scheelite flotation was studied using zeta potential measurement, contact angle measurement, optical microscope measurement, and atomic force microscopy (AFM) colloid probe technology. Zeta potential measurement results confirmed the adsorption of sodium oleate on scheelite, fluorite, and calcite surface and surface potential difference at different pH values of ultrapure water. Contact angle measurement results confirmed the surface of nature scheelite, fluorite, and calcite was hydrophilic, and the surface after thread by sodium oleate solution was hydrophobic. e optical microscope measurement results confirmed the agglomerates could really form in ultrapure water of pH 8 or 10 and in 1 mM sodium oleate solution of pH 10. e agglomerations were empty and not tight in ultrapure water. On the contrary, the hydrophobic agglomerations were larger and denser after treated with sodium oleate solution than that of in ultrapure water. According to the AFM experiment results, the interaction forces on hydrophilic scheelite-scheelite and scheelitefluorite were repulsive at pH 5.6 and attractive at pH 8 or 10. However, the interaction forces on hydrophilic scheelite-calcite were attractive at pH 5.6, 8 or 10. e interaction forces on hydrophobic scheelite-scheelite, scheelite-fluorite, and scheelite-calcite were attractive strongly due to the existence of hydrophobic force. e measurement results of the interaction forces were in good agreement with the changes of zeta potential and contact angle at different conditions. e combined results could be beneficial to understand the interaction force in fine scheelite flotation.
Introduction
Froth flotation has been considered as one of the most widely used methods for the separation of minerals [1] . It is the most efficient when the mineral particle sizes are between 10 μm and 100 μm. However, the flotation of fine mineral particles of less than 10 μm is still a technical challenge [2] [3] [4] . Scheelite is a kind of easily slimed mineral. In the grinding process of scheelite, a large number of fine slimes can be produced, which seriously affects the flotation efficiency of scheelite [1] ; this is because many calcium-bearing minerals (fluorite and calcite) exhibit similar surface properties to scheelite. In order to solve this problem, many works including shear flocculation flotation [5] , carrier flotation [6] , selective flocculation flotation [7] , and density functional theory calculation [8] had been researched by a large number of researchers, which had achieved remarkable achievements. Flotation agents can improve effectively the separation effect of calcium-bearing minerals in flotation processing. e Pb-BHA complexes were used in flotation separate scheelite from fluorite and calcite [9, 10] , increasing the recovery of scheelite. e rheological control of the flotation pulp by using garnet makes a significant improvement in fine scheelite flotation [11] . ere exists strong correlation among the flotation rate, pulp rheology, froth, and floc morphology in the cleaning flotation, so the formation of aggregates is very important for fine scheelite flotation. e formation mechanism of hydrophobic agglomerates had been widely studied. e hydrophobic association between collector molecules and mineral surface and the hydrophobic interaction energy between mineral particles were the reasons for the formation of hydrophobic agglomerates [5, 12] , and the capillary condensation of collector and the bridge chain were conducive to the formation of agglomerations [13] . e DLVO and EDLVO theory were also used to describe the agglomeration and dispersion of fine particles in solution. e phenomenon of adsorption, collision, and adhesion on the mineral's surface after adding collector could not be described very well by DLVO theory [14] , but the EDLVO theory explained that hydrophobic force [15] was the original cause of agglomeration of mineral particles [16] . e formation mechanism of hydrophobic agglomerates was explained from the aspects of adsorption, colloidal interface, and theoretical calculation. However, the mechanism was still unclear at the micro-nano scale because of the complexity of experimental verification. Surface and interface forces (van der Waals force, electrical double layer force, hydration force, hydrophobic force, etc.) are significant for understanding the interaction between particles in the flotation system [17, 18] . Atomic force microscopy (AFM), as a surface and interface force measuring technology [19, 20] , is used widely at the micro-nano scale. e hydrophilic/hydrophobic force had been studied by researchers since the AFM was developed [21] [22] [23] , especially with the colloid probe technology [24, 25] . Ducker et al. [26] directly measured the colloidal force between silica microspheres and substrate in sodium chloride solution using AFM firstly; meanwhile, Butt [27] measured the colloidal force in different concentrations of potassium chloride and magnesium chloride electrolyte solutions with colloidal probes. All the microspheres used in the above studies were surface smooth, spherical particles of defined radius, which is conducive to the direct measurement and quantitative analysis of force curves [19] . However, the actual shape of mineral particles cannot be spherical and the surface is rough, so it is difficult to analyse quantitatively the interaction force between actual particle and surface. Gui et al. [25] studied the interaction between coal and coal, kaolinite and kaolinite, and coal and kaolinite in deionized aqueous solution by colloidal probe technology. e repulsion between kaolinite and kaolinite made it difficult for fine kaolinite to sedimentation at natural pH, which was harmful in coal flotation. e interaction between fluorite particles and scheelite surface was measured at the condition of different pH values and various concentration of calcium ion [28] . e adhesion between fluorite and scheelite surface was enhanced remarkably after adding calcium ion, while the adhesion between fluorite and scheelite surface was reduced significantly by using sodium silicate as inhibitor.
In this study, the interaction forces between scheelite particle and scheelite surface, scheelite particle and fluorite surface, and scheelite particle and calcite surface in ultrapure aqueous solution and sodium oleate solution system were studied by using the AFM colloidal probe technique. However, it must be pointed out that the irregularity of the scheelite particles and the nano-heterogeneity [29] of the mineral surface make it difficult to measure the surface force quantitatively. e force curve obtained in the experiment is also difficult to fit quantitatively with DLVO theory and EDLVO theory, but it can still be described qualitatively [25] . e experimental results contribute to understanding the formation mechanism of agglomerations in the flotation process of fine scheelite and provide guidance for the separation of scheelite from calcite and fluorite.
Materials and Methods

Minerals and Reagents.
Pure minerals of scheelite, fluorite, and calcite were bought from Taobao; the three minerals samples were crushed by a hand hammer, and several pieces were cut to obtain cuboid of 1 cm length, 0.8 cm width, and 0.5 cm high for contact angle and AFM measurements. e rest of the scheelite sample was further purified using an optical microscope and then was milled into 38-75 μm powder particle using an agate mortar. Chemical analysis showed that the purity of calcite, fluorite, and calcite was 94.56%, 98.17%, and 98.29%, respectively. X-ray diffraction (XRD) analysis of the scheelite power revealed that the mineral was pure scheelite ( Figure 1 ). e collector sodium oleate (analytical grade, Sinopharm Chemical Reagent Co., Ltd) was used for soaking three minerals. NaOH (analytical grade, Sinopharm Chemical Reagent Co., Ltd) was used to adjust the pH of the solutions; ultrapure water was used in the all experiments (resistivity of 18.2 MΩ·cm; conductivity of 0.054 μs).
Zeta Potential Measurements.
Zeta potential measurements were carried out on dilute dispersions of three minerals of particle size less than 5 μm using a Malvern Zeta sizer ZS90. Steps are as follows: weigh three minerals 0.005 g into a beaker and then add 50 ml of ultrapure water/1 mM sodium oleate solution. Suspensions of the minerals were dispersed by magnetic stirring for 10 min at room temperature; after 30 min, the specific pH value was then adjusted by HCl or NaOH solution; the pH was measured and liquid supernatant was used for zeta potential measurement. Repeat determination at least three times for each sample.
Preparation of Surface.
e sample is usually a basal plane with a planar, nano-level smooth surface in the AFM experiment [30] . Surface of natural minerals are generally rough, so scheelite, fluorite, and calcite were lapped using 800 mesh, 1200 mesh, 1500 mesh sandpaper in turn, polished with aluminium oxide powder (0.02 μm) using a metallographic polishing machine (MP-1), and then washed with ultrapure water five times and dried with high-pure N 2 ( Figure 2 ). e Scanasyst-air probe (elastic coefficient 0.4 N/ m) was used for roughness measurement of the three mineral substrates by atomic force microscopy (Dimension FastScan Bruker, Germany). e roughness of scheelite, fluorite, and calcite substrates was 11.9 nm, 14.3 nm, and 12.3 nm in turn. e three mineral substrates were soaked in ultrapure water (pH � 5.6, 8, 10) and 0.1 mM/1 mM sodium oleate solution of pH 10 for 30 minutes, which were used for AFM experiments and contact angle measurements.
Contact Angle Measurements.
e sessile drop method was carried out using a dynamic contact angle meter (DSA 100, Krüss GmbH, Germany) between ultrapure water drop (pH 5.6) and mineral substrates. ree mineral substrates prepared in section 2.3 were used for contact angle measurements. e average angle of three different area measurements was recorded as the final contact angle. is method is consistent with the literature [31] .
Optical Microscope Measurements.
Scheelite-scheelite, scheelite-fluorite, and scheelite-calcite powders (1 g) were put into a beaker and then 50 ml of ultrapure water was added. After 10 minutes of stirring using a magnetic stirrer, a drop was sucked onto the slide and a metallographic microscope (9XB-PC, Shanghai China) was used to see if the agglomerates had formed.
AFM Experiments and Tip
Modification. Surface force measurements on scheelite particle and three mineral substrates (scheelite, fluorite, and calcite) were carried out in aqueous solutions at various pH values (5.6, 8, and 10) using a Multimode 8 AFM instrument (Bruker, Germany) in contact mode. e N-type silicon AFM probe (CSC37/ Tipless/No Al, MikroMasch, Estonia) was used to prepare the scheelite colloid probe for interaction force measurements. Scheelite powders of 38-75 μm were selected evenly dispersed on the silicon chip, and then the sphere particle was selected under the light microscope; after that, the epoxy resin AB blue was coated around the target particle. e probe was moved over the target particle, put down slowly until contacting with epoxy resin AB glue, and lifted quickly. en the target particle was glued by the tip of probe within 10 min. e scheelite colloid probe is shown in Figure 3 . In the schematic diagram of AFM (Figure 4 ), the sample was scanned by a scheelite colloid probe, which was mounted to a cantilever spring. e forces between the scheelite colloid probe and the samples were measured by monitoring the deflection of the cantilever. e cantilever will swing after the tip touches the sample, the laser shines on the end of the cantilever, and the position of the reflected light will also change, which will cause the offset. e photodetector records offset and converts them into electrical signals, which were converted to force-versus-distance curves. Before the force curve measurement, the mineral substrate was put into the sample chamber. One or two drops of ultrapure water were dropped on the substrate, and the scheelite colloidal probe was moved into the water drop. e cantilever elastic coefficient was corrected by the Sader method, and the elastic coefficient was 0.3060-0.3794 N/m. After the setpoint, ramp size (1 μm), and ramp rate (0.01 Hz) were set, the force curve measurements was started, and four different points were selected for each condition. e force curve was analysed using the offline software NanoScope analysis 1.8.
AFM force-displacement curves are shown in Figure 5 . At position 1, the tip is far away from the sample, and there is no interaction force between the tip and the sample. As the tip moves downward, the tip is attracted to the surface of the sample at position 2; this phenomenon is called "jump-in" in the experiment. As tip continued down, the cantilever begins to change deformation, and then the tip began to press the surface of the sample, as shown at position 3, and the force was repulsive. When the deformation of the cantilever reaches the set limit, the tip starts to go up at position 4. Due to the adhesive effect of the sample on the tip, the tip will not rise synchronously with the rise of the cantilever. Until the detachment force generated by the bending deformation of the cantilever and the adhesion force reach equilibrium, the tip will be separated from the sample at position 5. is phenomenon is called "jump-out" in the experiment. ere is no interaction force between tip and surface along with the separation distance increases. 
Results and Discussion
3.1. Zeta Potential Measurements. Figure 6 shows the zeta potentials of scheelite, fluorite, and calcite at different pH values in aqueous solutions ( Figure 6 (a)) and 1 mM sodium oleate solution ( Figure 6 (b)). e zeta potentials of scheelite were negatively charged from pH 2 to pH 12 and − 30.87 mv at pH 9. An isoelectric point (IEP) of scheelite was not observed, which was consistent with the literature [32] . e isoelectric point (IEP) of fluorite and calcite, respectively, was about at pH 8.4 ± 0.1 and pH 9.4 ± 0.1, which was also consistent with the previous reports [33] . When the three minerals were treated with 1 mM sodium oleate solution, the zeta potentials become more negative at various pH values; it is probably due to the adsorption of the sodium oleate on the surface of minerals [34, 35] . To contrast the adsorption effect of three minerals surface, contract angles were measured in the next section. Figure 7 , natural minerals of scheelite, fluorite, and calcite had strong hydrophilicity [36] ; contact angles were, respectively, scheelite-27.30°( Figure  7 (a)), fluorite-36.90° (  Figure 7 (c)), and calcite-38.80° (Figure 7 (e)), so the natural floatability of the three minerals were calcite >fluorite > scheelite. Contact angles suddenly increased significantly to scheelite-93.60° (Figure 7(b) ), fluorite-91.00° (  Figure 7(d) ), and calcite-80.90° (Figure 7(f ) ). erefore, the hydrophobicity of three minerals obviously increased, and scheelite had best floatability than other minerals. e adsorption of sodium oleate on the mineral surface was also confirmed, which was in agreement with zeta potential measurement results . Figures 8-10 , scheelite and scheelite, scheelite and fluorite, and scheelite and calcite particles could attract each other to form agglomeration in the ultrapure water solution of pH 8 and 10, but the agglomerations were empty and not tight. As shown in Figure 11 , the agglomerations were larger and denser when the particles of scheelite, fluorite, and calcite were soaked by sodium oleate.
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AFM Experiments.
Derjaguin-Landau-Verwey-Overbeek (DLVO) theory [37, 38] was used to predict the dispersion and aggregation of colloidal particles in colloidal chemistry. DLVO forces are composed of van der Waals force (F vdm ) and double electrical layer force (F edl ), and the total interaction forces are the sum of two forces. erefore, the total interaction forces are given by equation (1) . According to the DLVO theory, the stability of the dispersion system depends on the relative relationship between the van der Waals force and the electrical double layer force. e van der Waals attraction force occupies the dominant role when the separation distance is long. As the separation distance decreases, the repulsive force of the electrical double layer increases gradually to prevent the particles from attracting each other. In the flotation process, the hydrophobic force overcomes the repulsion of the electrical double layer after the collector is added. Usually, when the distance between particles is less than 20 nm [39] , the hydrophobic particles attract each other and form agglomerates.
e electrical double layer structure is a common phenomenon in the solid-liquid interface.
e mineral surface will be charged when the mineral surface contacted the solution, which may be originated from the dissolution of surface groups [18] , the adsorption of ions, or the charge exchange mechanism. e opposite charge of ions is balanced by counterions to sustain the colloidal system electrically neutral. erefore, the electric double layer structure is formed at the solid-liquid interface. e electrical doublelayer force exhibits a repulsive interaction on the condition of the unique surface charge. On the contrary, an attractive force is produced in situation of the opposite surface charge. e electrical double-layer force between a sphere with radius R and a plane can be described by the following equations [18] :
Z � 64πε 0 ε kT e 2 tanh 2 zeΨ 0 4kT � 9.22 * 10 − 11 tanh 2 Ψ 0 103 , 
where c − 1 is the Debye length, M is the electrolyte concentration, R is the scheelite sphere radius, Z is the interaction coefficient, D is the separation distance between scheelite sphere and mineral flat substrate, ε is the relative permittivity of the medium, ε 0 is the vacuum permittivity, k is the Boltzmann constant, and Ψ 0 is the surface potential of minerals.
van der Waals force is a common surface force, which consists of three forces: dispersion force, induction force, and orientation force. All of these three forces decay with the seventh power of the distance between molecules. At a larger distance (H > 10 nm), due to the electromagnetic delay effect, the dispersion force decays 10 times faster. e resultant force of van der Waals interaction is dominated by dispersion force in aqueous solution. van der Waals force is calculated mainly by Hamaker approximation and/or Lifshitz approximation. It can be described by the following equation [18] : Journal of Chemistry
where A is the Hamaker constant, R is the scheelite sphere radius, D is the separation distance between scheelite sphere and mineral flat substrate, A 132 is the Hamaker constant between mineral 1 and mineral 2 immersed in medium 3, and A 11 , A 22 , and A 33 are the Hamaker constants for the interactions between two identical media containing minerals 1, 2, or 3 in vacuum. However, there were still non-DLVO forces at complex conditions, which could be described with the EDLVO theory. Hydration force (F hydration ) and hydrophobic force (F hydrophobic ) were two typical non-DLVO forces [17] .
where R 1 and R 2 are the scheelite sphere radii, c − 1 is the Debye length, K hydration is the hydrophilic force constant, K hydrophobic is the hydrophobic force constant, and D is the separation distance between scheelite sphere and mineral flat substrate. According to equation (6), the Hamaker constant on scheelite-scheelite, scheelite-fluorite, and scheelite-calcite in pure water is calculated using the Hamaker constant of Table 1 , and the results are 1.35E − 20, 6.50E − 21, and 1.77E − 20. Similarly, the Hamaker constant between scheelite and scheelite, scheelite and fluorite, and scheelite and calcite immersed in sodium oleate is 9.89E − 21, 3.89E − 21, and 1.35E − 20. According to equation (5), the van der Waals forces between scheelite and scheelite, scheelite and fluorite, and scheelite and calcite are all negative in pure water and sodium oleate solution. Combining equations (1)-(4), DLVO and EDLVO forces on scheelitescheelite, scheelite-fluorite, and scheelite-calcite were calculated. As shown in Figure 12 , the DLVO and EDLVO forces on scheelite-scheelite, scheelite-fluorite, and scheelitecalcite were all negative in pure water of pH 8 or 10 and 1 mM sodium oleate solution of pH 10, which means that agglomerates on scheelite-scheelite, scheelite-fluorite, and scheelite-calcite could be formed easily in pure water of pH 8 or 10. e EDLVO forces were more negative because of the existence of hydrophilic force. is is consistent with the results of the optical microscope experiments. e interaction forces were measured on scheelite-scheelite, scheelite-fluorite, and scheelite-calcite in ultrapure water. As shown in Figure 13 (a). e measured forces as a function of separation distance showed repulsion during approach at natural pH 5.6 between scheelite particle and scheelite substrate. It was illustrated that scheelite particles were dispersed in ultrapure water at natural pH 5.6 because no attraction force appeared. Classical DLVO theoretical model (the green solid line) could not be well fitted with the curves, as strong repulsive forces were observed at less than a separation distance of 5 nm. e repulsive force had been proved by Israelachvili and Adams [43] between mica surfaces in aqueous KNO 3 solution. is non-DLVO force was named hydration force, which acts on hydrophilic particles when the separation distance is less than about 4 nm [19] . e interaction force between scheelite and scheelite could be explained by the EDLVO theoretical model (the red solid line). Although the red line could not perfectly match the approach curves, the trend was clear. A slight jump-in was observed between scheelite and scheelite in ultrapure water of pH 8 or pH 10 when approaching.
ese results indicated that van der Waals forces overcame electrical double layer repulsion force to attract scheelite particles to the surface at pH 8 or pH 10, and scheelite particles could be attracted to each other in ultrapure water, which had been proved by the photo of optical microscope in Figure 8(b) . An adhesion force of 1 nN at 15 nm separation distance was obtained between scheelite and scheelite at natural pH 5.6 as shown in Figure 13(b) . With the increase of pH, the adhesion force greatly enhanced, which was 5 nN at 40 nm separation distance at pH 10 and 8 nN at 100 nm separation distance at pH 8. is may be because scheelite surface was negatively charged at the range of pH from 5.6 to 10 and the addition of Na ions reduced the electric double layer repulsive force [27] , so scheelite particles were easy to attract together at pH 10.
As demonstrated in Figure 14(a) , a jump-in was not observed between scheelite and fluorite when measured in natural ultrapure water (pH 5.6) in the approach curves. According to the results in the curves, scheelite and fluorite particles in ultrapure water (pH 5.6) could not attract each other obviously due to repulsive force. With the increase of pH, a light jump-in was observed at the separation distance of 30 nm at pH 8 and 10. Here, van der Waals force contributed the main force by overcoming the electrical double layer force, indicating that scheelite and calcite could agglomerate, but the attraction force (less than 1nN) may lead to fracture easily of the agglomeration. As shown in Figure 14 (b), the adhesion force reached the lowest at natural pH 5.6, and the separation distance of jump-out was 25 nm. e adhesion force increased with the increase of pH and reached 6 nN of separation distance 50 nm at pH 8. It should be pointed out that the adhesion force reduced obviously on scheelite-fluorite compared with that on scheelite-scheelite under the same condition. e retraction curve results indicated that the separation of fluorite from scheelite would be easier than scheelite from scheelite in flotation. is was because isoelectric point (IEP) of fluorite was pH 8.5 as shown in Figure 6 . When the solution pH was greater than 8.5, the surface of fluorite was negatively charged [44] . When the solution pH was less than 8.5, the fluorite surface charged positively, while the scheelite surface charged negatively when the solution pH was from pH 8 to pH 10. erefore, the electrical double-layer force between scheelite and fluorite was an attraction interaction at pH 8 and repulsive interaction at pH 10. So, the adhesion force reduced in the ultrapure water of pH 8, which was consistent with the retraction curves. e force curve results in Figure 14 indicated that the agglomeration could occur between scheelite and fluorite particles in the ultrapure water of pH 8 or 10, but it was easier to be separated because of tiny adhesion force. e interaction force curves between scheelite and calcite are shown in Figure 15(a) . In the ultrapure water of pH 5.6 or 8, an obvious jump-in was found at 20 nm separation distance. is was because the surface of calcite was positively charged at pH 5.6 or 8, while the surface of scheelite was negatively charged with pH range of 5.6 to 8, so the electrical double layer force between scheelite and calcite exhibited an attraction force, and van der Waals force also exhibited an attraction force. e interaction force curves could be well described by the DLVO theory when the separation distance was away from 10 nm at pH 10. Under this condition, the zeta potential of calcite was close to 0 mv, which led to the minimum electrical double layer force between scheelite and calcite, and the interaction force on scheelite-calcite was also minimum, so an adhesion force of 3 nN at 18 nm separation distance at pH 10 is shown in Figure 10(b) .
In a word, scheelite-scheelite and scheelite-fluorite particles were all dispersed in natural ultrapure water (pH 5.6), while scheelite-calcite particles could attract each other. With the increase of pH, scheelite-scheelite, scheelite-fluorite, and scheelite-calcite particles could attract each other to form agglomerates at pH 10, which would affect the flotation of fine scheelite.
Interaction Forces on Scheelite-Scheelite, Scheelite-Fluorite, and Scheelite-Calcite in Sodium Oleate Solution.
As shown in Figure 16 , a strong jump-in was observed on scheelite-scheelite, scheelite-fluorite, and scheelite-calcite from interaction force curves after the scheelite, fluorite, and calcite substrates had been soaked in 0.1 mM/1 mM sodium oleate solution of pH 8 or 10 for 30 minutes. It should be noted that there is no force curve data of scheelite-scheelite in 1 mM sodium oleate solution (pH 8 Journal of Chemistry 10); this may be because the force exceeds the elastic constant of the colloidal probe, so the force curve is not obtained using AFM. ese results indicated that the hydrophobic forces exhibited attractive between particles and surfaces. Previous studies manifested that the hydrophobic attraction force was several orders of magnitude larger than van der Waals force and electrical double layer force, so the hydrophobic force contributed to the main interaction. It could be found from Figure 16 (a) that the hydrophobic force increased with the increase of pH. At pH 10, the interaction force between scheelite and scheelite was greater than that at pH 8, which indicated that the adsorption effect of sodium oleate on scheelite surface was better at pH 10. is result was consistent with the previous research [45] . When the concentration of sodium oleate is 0.1 mM, according to species distribution diagram [46] of the oleic acid solution, the maximum pH of ionmolecular association concentration is 8.21. Accordingly, the sodium oleate mainly existed in the form of RCOO − and RCOO 2 2− at pH 10, and the surface of scheelite charged negatively under the same condition is shown in Figure 6 . erefore, the sodium oleate was adsorbed on the surface of scheelite by chemisorption. However, at pH 8, the sodium oleate mainly existed in the form of oleic acid molecule RCOOH [47] ; consequently, the sodium oleate was adsorbed on the surface of scheelite by physical absorption. e approach curves could be well described by EDLVO theoretical model (red and blank solid line) in Figure 16 (a). However, the EDLVO fitting line did not appear in Figures 16(b) and 16(c) due to irregularity of the approach curves. It may be caused by mineral surface heterogeneity and limitation of elastic coefficient on the scheelite colloid probe. e same phenomenon was also found on scheelite-fluorite and scheelite-calcite after treating with 0.1 mM/1 mM sodium oleate solution as shown in Figures 16(b) and 16(c) . e hydrophobic force increased obviously in 1 mM sodium oleate solution compared to that in 0.1 mM sodium oleate solution. An attractive force of 8 nN at 28 nm separation distance was obtained between scheelite and fluorite after treating with 1 mM sodium oleate as shown Figure 15 : e interaction forces between scheelite particle and calcite substrate in ultrapure water solution: (a) approach curves; (b) retraction curves. 10 Journal of Chemistry in Figure 16(b) , and an attraction force of 33 nN at 195 nm separation distance was obtained between scheelite and calcite in the same experiment condition as shown in Figure 16 (c). All the results above indicated that the main formation reason of hydrophobic agglomeration was the existence of hydrophobic force after the minerals were treated with the sodium oleate solution .
As shown in Figures 17 and 18 , the jump-in distance and force on scheelite-scheelite, scheelite-fluorite, and scheelitecalcite in approach curves at pH 10 were compared. e jump-in distance and force were almost similar in ultrapure water, but increased obviously in 0.1 mM and 1 mM sodium oleate solution, which fully showed that agglomerations were easier to form in higher concentration of sodium oleate. After treated with 0.1 mM sodium oleate, the jump-in distance and force were ordered as follows: scheelite-scheelite > scheelite-calcite > scheelite-fluorite, which was consistent with the result of adhesion force in Figure 19 .
ese results indicated that the agglomerations on scheelitescheelite were easiest to be formed, and hardest to fracture.
Previous studies [21] reported a simplified model (equation (11)) for calculating the adhesion between a particle and a surface with nanoscale roughness. e increase of adhesion force may be related to R q .
where Z 0 is the equilibrium distance (closest approach) between two surfaces, which is usually taken as 0. mineral 2 in vacuum or air, and R q is the roughness of mineral surface. As shown in Figures 19 and 20 , the adhesion forces of scheelite-scheelite, scheelite-fluorite, and scheelite-calcite increased obviously after treating with 0.1 mM/1 mM sodium oleate solution and increased with the increase of sodium oleate concentration and so did the corresponding separation distance. e adhesion force of scheelite-scheelite was strongest after treated with 0.1 mM sodium oleate solution (pH 10) compared with adhesion forces in Figur-es20(b) and 20(c). is may be because the roughness when sodium oleate was adsorbed on scheelite particle had been changed due to equation (11) .
All the above results indicated hydrophobic force played a key role in the formation of agglomerates. e agglomerates were attracted by hydrophobic force pushing hydration layer out. e interaction forces changed to strong adhesion forces, and the long separation distance also verified these results. e agglomeration formed between scheelite and scheelite made the fine scheelite particles grow, which was conducive to improving the efficiency of scheelite flotation. e agglomeration formed between scheelite and fluorite and scheelite and calcite seriously affected the grade and recovery of scheelite concentrate. erefore, effective inhibitors of fluorite and calcite must be used to prevent the formation of agglomerations in the flotation process of fine scheelite.
Conclusions
Hydrophobic aggregation flotation is a typical process in fine scheelite flotation. e interaction forces on scheelitescheelite, scheelite-fluorite, and scheelite-calcite in ultrapure 
